Summary: Extracellular calcium concentration changes in the CAl of the hippocampus during burst activity were measured during postischemic reflow, and the involve ment of N-methyl-D-aspartate (NMDA) receptors was evaluated, In adult Wistar rats global ischemia was in duced by four-vessel occlusion for 20 min, After 6 h of postischemic reflow, the animals were halothane-anes thetized and reintubated, A double-barrelled calcium sensitive microelectrode was advanced through stratum oriens, pyramidale, and radiatum in 50-f.lm steps. At each step the perforant pathway was stimulated (15 Hz, 30 s), and changes in extracellular calcium concentration were recorded. High-frequency stimulation elicited burst firing and transient decreases in extracellular calcium concen tration, which are interpreted as neuronal calcium up-
The delayed neuronal death in the CAl sector of the hippocampus that occurs after an insult of cere bral ischemia is preceded by an accumulation of calcium in the tissue (Van Reempts et al., 1986; Deshpande et al., 1987) . Elevation of intracellular calcium is believed to cause neuronal necrosis by stimulating lipolysis (Strosznajder, 1980) , proteol ysis (Baudry et al., 1981) , protein phosphorylation (Baudry and Lynch, 1980) , and disaggregation of cytoskeletal components (see Siesjo and Wieloch, 1985) .
In recent years, excitatory amino acids have been proposed to contribute to the postischemic take. In control hippocampus, the extracellular calcium decreases were maximal in the stratum pyramidale. Six to eight hours after ischemia, a threefold enhancement of extracellular calcium decreases was found in the den dritic layers of the CA 1. The NMDA-receptor antagonist ketamine (15-30 mg/kg intraperitoneally) reduced these electrically evoked calcium decreases. Seven days after ischemia, there was a 60-90% loss of pyramidal cells in the CA 1. In conclusion, the cellular calcium uptake, possibly through NMDA receptors evoked by neuronal activity, is enhanced during early postischemia and precedes delayed neuronal death. Key Words: Calcium Cerebral ischemia -Postischemia-N-methyl-D-aspar tate-Hippocampus-Delayed neuronal death.
damage (Jorgensen and Diemer, 1982) . Several lines of circumstantial evidence exist: excitatory amino acids are potent neurotoxins acting on N methyl-o-aspartate (NMDA), kainic acid, and qui qualate receptors (Olney, 1983) . The content of ex citatory amino acids in the extracellular space in creases dramatically during ischemia (Benveniste et al., 1984 , Hagberg et al., 1985 . Excitatory amino acid innervation 198 1) and the density of NMDA receptors (Monaghan and Cotman, 1985) correspond to brain regions selec tively vulnerable to ischemia (Jorgensen and Diemer, 1982) .
Moreover, there may be a connection between disturbances in calcium homeostasis and excitatory amino acids preceding delayed neuronal death in the CA 1 sector of the hippocampus ; e.g., excitatory amino acids activate NMDA receptors which induce neuronal uptake of calcium (Hamon and Heinemann, 1986; .
The delayed neuronal damage in the CAl is atten uated by interruption at any point of the trisynaptic input to the hippocampus (Wieloch et al., 1984; On odera et al., 1986; Johansen et al., 1987) and by ad ministration of either NMDA receptor antagonists Boast et al., 1987; Gill et al., 1987) or a calcium entry blocker (Deshpande and Wieloch, 1985; Van Reempts et al., 1986) . Interest ingly, NMDA receptor antagonists (Boast et al., 1987) and calcium entry blockers (Deshpande and Wieloch, 1985) administered only after ischemia, or pos tis chemic deafferentation (Johansen et al., 1987) also reduce delayed neuronal death in the hippo campus, suggesting that postischemic events re lated to calcium and excitatory amino acids con tribute to ischemic cell damage.
Therefore, postischemic changes in extracellular calcium concentration ([Ca2+ ] ec ) evoked by elec trical stimulation of the trisynaptic input to the CA 1 of the hippocampus were studied, and the effect of an NMDA receptor antagonist was evaluated. The ischemic cell loss in each animal was assessed his topathologically.
MATERIALS AND METHODS

Calcium-sensitive microelectrodes
Double-barrelled borosilicate glass capillaries (inner di ameter 0.87 mm, outer diameter 1.5 mm, Hilgenberg GmbH, Malsfeld, F.R.G.) were pulled into fine-tipped micropipettes (Siegenbeek van Heukelom et al., 1976) . Tips were broken to a diameter of 3-7 !-lm. One barrel was exposed to 4% tri-N-butylchlorosilane in carbon tet rachloride at 500°C for 5 min (Borrelli et al., 1985) and thereafter filled with a 300-400-!-lm column of a neutral carrier ionophore for calcium (Oehme et al., 1976; Fluka AG, Switzerland) . CaCl 2 (0.1 M) was used as an inner reference solution. The reference barrel was filled with 0.15 M NaCI, and in some experiments 2% pontamine sky blue was added (Lodge et al., 1974) . Ag/AgCI wires were used as inner reference electrodes and connected to high-input impedance amplifiers (Hagberg et al., 1983 
Induction of reversible cerebral ischemia
Male Wistar rats (300-350 g) were anesthetized with methohexital (Brietal, 60 mglkg), and both vertebral ar teries were permanently occluded by electrocauterization (Pulsinelli et aI., 1982) . The animals were fasted over night and the following day were reanesthetized with halothane (5% for induction and 0.8% for maintenance) in 2: 1 N 2 0 in O 2 and intubated with a polyethylene tubing (Intramedic PE 240, Clay Adams, Parsippany, NI,
U. S.A.). The carotid arteries were exposed and clamped for 20 min. The temperature was kept at 37 ± O.4°C with a thermistor-regulated heating pad. After the ischemic period the wounds were closed, and the animals were ex tubated and allowed to recover.
Measurements of [Ca 2+ ]ec in vivo
Experiments were performed in control rats (n = 16) and rats subjected to 20 min of ischemia and 6-8 h of reflow (n = 12). The animals were anesthetized with halothane and intubated. In some control (n = 9) and postischemic (n = 7) animals, an additional catheter was inserted into the femoral artery for continuous recording of mean arterial pressure (MAP) and sampling of blood for determination of acid-base blood gas status (Radiom eter ABL30). The head of the rat was put in a stereotaxic frame, and the body temperature was maintained at 37°C. The skull surface was exposed, and two holes were drilled through the cranium. A bipolar stimulating elec trode (tip diameter 0.7 mm) was inserted into the angular bundle (4.5 mm lateral and 3-3.5 mm deep to lambda) for stimulation of the perforant pathway (Digiti mer Stimu lator DS9A; Stimulus Isolator NeuroLog 800, Digitimer Limited, Hertfordshire, U.K.). A calcium-sensitive mi croelectrode was impaled through the cortex into the hip pocampus (2.2 mm lateral, 3.8 mm dorsal, 1.8 mm deep to bregma). By use of a hydraulic micropositioner (David KopfInstruments, model 650, Tu junga, CA, U. S.A.) the calcium-sensitive microelectrode was moved through the stratum oriens, stratum pyr amidale, and stratum ra diatum in 50-!-lm steps. At each depth, the tissue was al lowed 3 min of stabilization, and then the perfor ant pathway was stimulated at 15 Hz for 30-45 s (3 rnA) to elicit spontaneous burst firing of the CAl pyramidal cells.
Ketamine (Ketalar, Parke-Davis, Pontypool, U.K.) was injected intraperitoneally (5-30 mglkg) in a group of control (n = 3) and postischemic (n = 4) animals.
[Ca2+ ]ec was measured at a fixed depth in the hippo campus [2.1 (stratum pyramidale) or 2.35 (stratum ra diatum) mm deep to the cortical surface ] , and stimulatory trains (every 3 min) were delivered to the perforant pathway before, during and after ketamine-injection. In these experiments, MAP and blood gases were deter mined.
After the experiments, the calcium-sensitive microe lectrode was recalibrated and the animal extubated. Six days later, all animals were perfusion fixed with formol saline, and following histological preparation, frontal par affin sections of the dorsal hippocampus were visualized by hematoxylin and eosin staining.
In some animals (n = 5), pontamine sky blue was in jected (5 !-lA, 5 min) at the depth of maximal [Ca2+ ]ec changes. The rats were then immediately perfusion fixed with formol saline. The tissue was frozen, sections were cut (25 !-lm), and the dye was localized.
Data analysis
The maximal stimulated [Ca2+ ]ec decrease at each depth (mM, Fig. lA) was plotted, which gave the depth profiles seen in Fig. 2A . For statistical analysis of these maximal [Ca2+ ]ec decreases, the mean postischemic changes in the three subregions examined (stratum oriens, stratum pyramidale, and stratum radiatum) were calculated and compared with control, by use of the Mann-Whitney test (Fig. 2B) 
RESULTS
[Ca 2+ ]ee measurements MAP (116 ± 4 mm Hg) and acid-base balance/ blood gases (P0 2 , 13.1 ± 0.25 kPa; PC0 2 , 5.4 ± 0.1 kPa; pH, 7.34 ± 0.02) revealed no differences between postischemic and control animals. The steady-state [Ca2+ ]ec was 1.2 ± 0.2 mM in control as well as in postischemic CAl of the hippocampus. Also the frequency threshold (8-9 Hz) for eliciting spontaneous burst firing in the pyramidal cells dis played no differences between control and post ischemic animals. Burst firing could be triggered throughout all experiments at 15 Hz. Typical changes in the stratum pyramidale of EEG, [Ca2+ ]ec , and reference potential upon 30 s of high frequency stimulation of the perforant pathway are shown in Fig. 1 . Spontaneous burst firing was seen after 10-15 s of stimulation, and parallel to this there was a rapid decrease in [Ca2+ ]ec and a fast negative shift in reference potential (3-5 m V) (c.f.
---�= == =: :;=: :: :j In the control group, the decrease of [Ca2+ ]ec during the stimulation was maximal in the stratum pyramidale, whereas minor decrements occurred in the stratum oriens and stratum radiatum ( Fig. 2A,  B) . In contrast, animals subjected to 20 min of isch emia and 6-8 h of reflow displayed pronounced [Ca2+ ]ec decreases in all three levels ( Fig. 2A, B) . Also, the poststimulatory undershoots in [Ca2 +]e c were significantly larger and longer in animals sub jected to ischemia (Fig. 3A, B) . When the calcium-sensitive microelectrode was kept in control stratum pyramidale or stratum ra diatum and not moved for 2 h, high-frequency stim ulation trains delivered through the perforant pathway every 3 min evoked constant changes in [Ca2 +]e c and field potentials. Also, throughout the experiments, stimulation did not induce any spon taneous burst firing for more than 10-20 s after the end of the train. Thus, we could not detect any long-term synaptic changes caused by the repetitive stimulation. In the postischemic group, the [Ca2+ ]ec decrements were more pronounced and variable compared with controls, especially in the stratum radiatum (Fig. 4) . In postischemic stratum ra diatum, the [Ca2+ ]ec occasionally decreased to 0.3 mM, whereas in the control group, the level never fell below 1.0 mM.
A (mM)
Administration of ketamine (5-30 mg/kg intra peritoneally) had no effect on MAP, blood gases, evoked field potentials, or thresholds (data not shown). In control animals, the evoked changes in stratum oriens and stratum radiatum were too small for evaluating the effect of keta mine. However, in control stratum pyramidale a dose-dependent attenuation of the stimulated de crease in [Ca2+ ]ec was seen, with a minor attenua tion at 15 mg/kg and maximal reduction (50 ± 10% of stimulated [Ca2+ ]ec decrease before ketamine in jection) at 25 mg/kg (Fig. 5) . The negative shift in reference potential was not affected by ketamine. The effect of ketamine was detected 3-5 min after intraperitoneal injection, and it was maximal after 10-15 min. In our experimental setup, where a time interval of 40 min between two ketamine injections was used, ketamine showed no cumulative effects with regard to reductions in evoked [Ca2+ ]ec de creases. Also in the postischemic stratum radiatum, intraperitoneal administration of ketamine signifi cantly (65 ± 15%) reduced the evoked [Ca2+ ]ec decrements by ketamine (25 mg/kg; Fig. 6 ). Keta mine (25 mg/kg) attenuated the [Ca2+ ]ec decreases by at least 40% in all experiments (n = 7, p < 0.01).
Histology
The iontophoretical injections of pont amine sky blue confirmed that the [Ca2+ ]ec decreases were maximal in stratum pyramidale. Control animals showed no signs of morphological damage in the hippocampus (Fig. 7 A, B) , whereas all animals subjected to cerebral ischemia had a 60-90% loss of pyramidal cells in the CAl region of the hippo campus (Fig. 7C, D) . al., 1980; Krnjevic et al., 1980; Marciani et al., 1982) . The evoked decrease in [Ca2 +]e c may be caused by a transient increase of the extracellular space volume. However, the extracellular volume in stratum pyramidale decreases slightly during a stimulation train (Heinemann, 1986) . Altered extra cellular calcium binding capacity due to release of chelators or to pH shifts have also been suggested to contribute to the observed decrease, but at present, no data support this possibility (Krnjevic et al., 1982b) . The most probable explanation for the observed [Ca2+ ]ec decrement is an uptake of calcium into postsynaptic elements (Krnjevic et al., 1982a; Marciani et al., 1982) . The fall in [Ca2 +]e c coincides with a pronounced burst firing of the py ramidal cells. These bursts are calcium-dependent (Wong and Prince, 1978; Peet et al., 1986) . High frequency stimulation of the input to the CAl pyra midal cells (Krnjevic et al., 1986) or dentate gran ular cells (Kudo et al., 1987) induces an increase in the intracellular concentration of calcium. Applica tion of NMDA receptor agonists, acting on post synaptic elements, evoke [Ca2 +]e c decreases sim ilar to those evoked by electrical stimulation (Mar ciani et al., 1982) . We found that the [Ca2 +]e c decrease was reduced by ketamine, an antagonist of NMDA receptors (Anis et al., 1983) , which adds to the lines of evidence for a postsynaptic calcium uptake during burst firing.
After 6-8 h of postischemic reflow, the evoked decrease of [Ca2+ ]ec was enhanced considerably, especially in the dendritic layers of the CAL This observation could be due to several factors. For in stance, a reduced extracellular space would en hance the stimulated [Ca2+ ]ec decrease. Swollen dendrites have been reported 10-20 min following ischemia (Ekstrom von Lubitz and Diemer, 1982; , and at this time the extracel lular space volume is reduced by 35% in the stratum radiatum of hippocampus (Ekstrom von Lubitz and Diemer, 1982) . However, these changes partly recover after 60 min, and after 3 and 24 h of reflow there are no signs of cellular edema (Kirino, 1982; Ekstrom von Lubitz and Diemer, 1982; Jo hansen et al., 1983) . Consequently, cellular edema is probably not a major cause of our observations. A more likely explanation is that an enhanced post synaptic neuronal uptake of calcium occurs, which agrees with the 65% attenuation of the [Ca2+ ]ec de crease in postischemic hippocampus offered by the NMDA receptor antagonist ketamine.
Several factors may be involved in the enhanced [Ca2 +]e c decreases evoked by electrical stimulation seen postischemically, e.g., hyperrelease and/or decreased uptake of excitatory transmitters (Drejer et al., 1985) . Another possibility is increased post synaptic calcium conductances, i.e., NMDA re ceptor ion channels or voltage-dependent channels Fagg et al., 1986) . In the present study, the postischemic [Ca2+ ]ec de crease upon electrical stimulation was effectively antagonized by the noncompetitive NMDA re ceptor antagonist ketamine, which is consistent with the hypothesis of an NMDA-gated calcium uptake. However, ketamine is not exclusively an NMDA receptor antagonist. Although an interac tion with opiate receptors appears less likely , ketamine may exert anticholinergic ef fects (Anis et al., 1983) . Acetylcholine (ACh) causes an increase in intracellular calcium concen tration in CAl pyramidal cells, but mainly by mobi lization of intracellular calcium stores (Kudo et al., 1988) . ACh also has a disinhibitory effect in the hippocampus, probably because of a decreased presynaptic release of -y-aminobutyric acid (GAB A) (Krnjevic et al., 1981) . However, the generation of spikes by ACh occur in the pyramidal cell bodies only, with limited invasion of the dendritic fields (Krnjevic et al., 1981) , the regions where the post ischemic hippocampus showed enhanced calcium uptake and where the NMDA receptors have their highest density (Monaghan and Cotman, 1985) . The density of NMDA receptors is not increased 6-8 h postischemically (Westerberg et al., 1987) , but an increase in receptor conductivity due to changes in receptor structure or to lack of inhibition related to magnesium (Nowak et al., 1984; Mayer and West brook, 1987) , GABA (Hamon and Heinemann, 1986; Stelzer et al., 1987) , or zinc (Peters et al., 1987; Westbrook and Mayer, 1987 ) cannot be ex cluded.
A change in postsynaptic calcium uptake during reflow as soon as 6-8 h postischemically has not yet been found. Van Reempts et al. (1986) found a maximal postsynaptic calcium accumulation at 24 h of reflow in the CAl dendrites using the oxalate pyroantimonate technique. The tissue calcium con centration starts to increase after 24-48 h of reper fusion, concomitant with the development of neu ronal necrosis (Dienel, 1984; Deshpande et al., 1987) . As early as 24 h after ischemia, we found a reduction in the evoked [Ca2+ ]ec decreases in par allel with decreases of population spikes, and after 5 days the calcium changes and evoked responses were undetectable (Andine et al., unpublished ob servations). The time course of neuronal necrosis appears to be similar in the presently used model (Pulsinelli et al., 1982) and the model introduced by Smith et al. (1984; Deshpande et al., 1987) . The en-hanced calcium uptake evoked by electrical stimu lation thus seems to precede the appearance of cal cium deposits in postsynaptic elements, which in turn precedes the accumulation of calcium within the tissue.
In conclusion, the present results suggest that the enhanced electrical activity in the postischemic pe riod (Suzuki et aI., 1983) evokes pronounced up take of calcium into pyramidal cells, possibly via NMDA receptors. This may eventually lead to an extensive calcium accumulation in the pyramidal cell dendrites and cell bodies (Van Reempts et aI., 1986) and to an increase in total tissue calcium (Deshpande et aI., 1987) , which then may cause neuronal death (Lazarewicz et aI., 1975; Siesj6, 1981) .
